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ABSTRACT

A light-powered atroposelective ratcheting system based on a desymmetrized pentiptycene scaffold is reported. This structural

framework enforces templated donor-acceptor (D-A) arrangements capable of distinguishing between rapidly equilibrating

atropisomers, enabling atroposelective Z — E photoisomerization that selectively suppresses the consumption of one atropisomer

and leads to its accumulation under continuous irradiation. Ultrafast transient spectroscopic studies and theoretical calculations

reveal that this photochemical atroposelectivity arises from electronic interactions between the donor and acceptor moieties in

the excited state. Such an atroposelective ratchet could potentially be harnessed to construct light-driven rotary molecular motors

(LRMMs). These results highlight the role of conformer-dependent photochemistry in achieving precise photochemical control

over molecular motion.

1 | Introduction

Light-powered ratcheting converts photonic energy into chemical
energy, enabling chemical systems to operate away from thermo-
dynamic equilibrium [1, 2]. Such behavior is typically achieved by
coupling an equilibrating system to specific photochemical trans-
formations through the incorporation of photo-responsive units.
Light-powered ratcheting has been exploited in stimuli-adaptive
dynamic covalent libraries [3-10], dissipative supramolecular
assemblies [11-21], and light-driven rotary molecular motors
(LRMMs) based on overcrowded double bonds [22-24].

Despite these advances, the operation of ratcheting systems
generally requires that thermal equilibration of the ratcheted
process be sufficiently slow so that its equilibrium can be lifted
under kinetically controlled conditions. This requirement poses
a major challenge for rapidly equilibrating systems, such as
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atropisomerism around fast-rotating single bonds. According to
LaPlante and coworkers [25], bonds with rotational barriers
below 20 kcal/mol are classified as fast-rotating and undergo
rapid atropisomeric equilibration. Atroposelective ratcheting of
such bonds underpins the operation of autonomous rotary
molecular motors and has been realized in several chemi-
cally powered systems [26-30]. These systems typically rely
on stereoselective catalytic steps to introduce a kinetic bias,
thereby driving the system away from equilibrium under Curtin-
Hammett control [31]. In contrast, light-powered atroposelective
ratcheting remains far less explored, largely because of the
limited number of strategies available for deliberately introducing
atroposelectivity into photochemical reactions. Recently, Curcio
and coworkers reported the first example of an autonomous
LRMM that undergoes directional rotation about a single bond
[32]. Operation of this system relies on light-powered ratcheting
of the atropisomeric composition away from equilibrium, which
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in turn governs the directionality of rotation. While this work
represents an important advance in the field, the system does
not incorporate dedicated structural features to strongly enforce
atroposelectivity, which may contribute to the relatively modest
ratcheting efficiency observed.

To address the challenge of achieving strategic control over pho-
tochemical atroposelectivity, we propose a structural framework
capable of translating conformer-dependent photochemistry into
atroposelective ratcheting. Previously, we reported a light-gated
molecular brake (1br), in which the rate of internal C—C bond
rotation can be modulated by E,Z-photoisomerization [33]. As
depicted in Figure 1a, 1br is a stilbene derivative incorporating
an H-shaped, C,-symmetric pentiptycene scaffold with two U-
shaped cavities [34]. Rotation about the pentiptycene-styryl bond
is unhindered in the E form but sterically hindered in the Z
form, in which the styryl group is partially inserted into one
of the U-shaped cavities. The rate of this C—C bond rotation
can be modulated photochemically by E,Z-photoisomerization,
which switches the system between fast- and slow-rotating states.
Because the C—C bond rotation in this system is coupled to
a photochromic reaction, it provides a promising platform for
engineering a light-powered atroposelective ratchet. Specifically,
desymmetrization of the pentiptycene scaffold by substitution,
as in 1ra (Figure 1b), generates two distinct atropisomers (syn
and anti) in the Z-1ra isomer because the two cavities are
inequivalent. The key requirements for constructing a light-
powered atroposelective ratchet can thus be satisfied, provided
that the syn-Z and anti-Z atropisomers can be distinguished
photochemically. This distinction can be achieved by exploit-
ing templated excited-state donor-acceptor (D-A) interactions
[35-38] in syn-Z-1ra, where the D-A motifs are in close prox-
imity. Excited-state D-A interactions are known to drive light-
trapping of metastable D-A ground-state assemblies, demon-
strating that transient excited-state interactions can kinetically
perturb ground-state equilibria [19]. Consistent with this concept,
we find that excited-state D-A interactions in the syn-Z-1ra
atropisomer effectively suppress its Z — E photoisomerization,
leading to accumulation of this atropisomer under continuous
irradiation, as schematically illustrated in Figure 1b. In contrast
to Curcio’s system, which is primarily sterically directed, this
system represents, to the best of our knowledge, the first example
of a light-powered atroposelective ratchet in which atropose-
lectivity is electronically gated through conformer-dependent
photochemistry.

2 | Results and Discussion
2.1 | Synthesis and Structural Analysis

The synthesis of compound 1ra was accomplished via a Heck
coupling reaction to construct its stilbene backbone, affording
exclusively the E isomer. Details of the synthetic procedures
are described in Supporting Information (Scheme S1). Photoi-
somerization under 365 nm irradiation in toluene converted
79% of 1ra to the Z isomer, and the configurational isomers
could be separated with preparative HPLC. Alternatively, one-
way E —Z isomerization could be done via photosensitization
with fluorenone, enabling quantitative conversion to Z-1ra [39].
Notably, 1ra is chiral due to desymmetrization of the pentiptycene
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FIGURE 1 | Structural design of (a) the previously reported light-
gated molecular brake 1br, featuring a switchable rotation rate about
a C—C bond, [33] and (b) the light-powered atroposelective molecular
ratchet 1ra developed in this work. (c) Working principle of the light-
powered atroposelective molecular ratchet 1ra. Note that the energetic
ordering of the syn and anti atropisomers of Z-1ra is temperature
dependent.

scaffold. Since the inherent chirality of Z-1ra does not affect
its atropochemical behaviors, all studies in this work were
conducted using the racemate as a proof of concept.

Structural analysis of 1ra was performed with x-ray
crystallography, DFT calculations (B3LYP/6-31G(d)), and by
NMR spectroscopy. The NMR signal assignments were further
assisted by 2D NMR methods (Figures S1-S3). Considering the
rotamerism of both the pentiptycene-styryl C—C bond and the
pentiptycene-alkoxyl C—O bond, there are four near isoenergetic
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FIGURE 2 | Molecular structures and 'H NMR spectrum of Z-1ra: (a) the anti form observed in x-ray crystal structure and (b) the syn form of DFT-
optimized structures, where the octyloxy group is replaced with methoxy for simplicity, and (c) the 'H NMR spectrum (500 MHz, toluene-dg) determined

at ambient temperature showing the presence of both syn and anti forms.

conformers for Z-1ra (Figure S4). However, only the anti-Z-1ra
form is observed in single crystals grown from Z-1ra solutions
(Figure 2a), presumably because the relatively large dipole
moment of this atropisomer (9.21 D, predicted by DFT, Table
S1) promotes its selective crystallization from the solution-state
atropisomeric mixture [40]. For comparison, the DFT-derived
syn-Z-1ra is shown in Figure 2b. In both syn and anti forms,
steric hindrance between the dinitrophenylene and pentiptycene
moieties constrains the rotation about the pentiptycene-styryl
C—C bond. Consequently, signals corresponding to the syn and
anti forms are resolvable on the 'H-NMR spectrum of Z-1ra at
298 K, as shown in Figure 2c. The significantly upfield-shifted
methoxy signal at 2.86 ppm was assigned to the methoxy proton
H,, of syn-Z-1ra, which suffers from anisotropic magnetic
shielding induced by the dinitrophenylene moiety. Although no
NOE correlation was observed between the methoxy signals and
the dinitrophenylene protons, ratios of signal integration allowed
the resonances at 8.01 and 8.07 ppm to be assigned to H, of anti-
and syn-Z-1ra, respectively.

2.2 | Characterization of C—C Bond
Atropisomerism

The kinetic and thermodynamic properties of the conformer
stereodynamics of Z-1ra are of fundamental importance in the
context of ratcheting. Therefore, these issues were investigated
in detail with multiple NMR methods. Rotations about the

pentiptycene-alkyloxy C—O bond are rapid, since they are not
sterically hindered. Consequently, the C—O rotamerism is always
considered to be at equilibrium, and the following discussion
focuses exclusively on rotamerism about the pentiptycene-styryl
C—C bond.

The exchange between anti- and syn-Z-1ra through C—C bond
rotation is evident from the emergence of off-diagonal signals
on the 2D-EXSY spectrum of Z-1ra at 298 K (Figure 3a). DFT
calculations predicted a syn-anti barrier of 16.4 kcal/mol as
an average outcome of multiple possible pathways (Figure S5
and Table S2). The kinetics of this exchange were further
evaluated experimentally with variable-temperature NMR (VT-
NMR) spectroscopy. As shown in Figure 3b, gradual broad-
ening of the H,, signal of the syn form at elevated temper-
atures indicated enhanced syn—anti exchange due to acceler-
ated C—C bond rotation. Exchange rates at each temperature
were extracted from spectral line-shape fitting and subjected
to Eyring analysis, yielding a free energy barrier of 15.6 +
0.9 kcal/mol for syn—anti interconversion at 298 K (Table 1 and
Figure S6b), in reasonable agreement with the DFT-calculated
value.

The atropisomeric equilibrium constant (K, = [syn]./[anti].q)
was readily determined through integration of the correspond-
ing NMR signals. The K, value was determined as 1.12 in
toluene-d; at 298 K, reflecting a slight preference for the syn
form, which is in excellent agreement with DFT calculations
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FIGURE 3 | (a) Selected slices of the 2D EXSY spectrum of Z-1ra (500 MHz, toluene-dy). (b) Experimental and simulated VT 'H-NMR spectra of
Z-1ra at the high-temperature range (400 MHz, toluene- dg). (c) VT 'H-NMR spectra of Z-1ra (containing residual E isomers) at the low-temperature

range (400 MHz, toluene-dyg).

TABLE 1 | Kinetic and thermodynamic parameters of the syn—anti atropisomeric exchange of Z-1ra in toluene-dg at 298 K.

Kinetic Thermodynamic

AH? ., (kcal/mol) 14.5+0.9* AH?, (kcal/mol) 0.53 + 0.04

AS? ., (cal/mol K) -3.7+0.2 ASY, (cal/mol K) 1.98 + 0.04

AGLa (kcal/mol) 15.6 + 0.9 AGY, (kcal/mol) —0.06 + 0.05
ko, (s™ 21 K, = 112 (0.72)°

[syn]eq/[antile,

2Errors correspond to fitting uncertainties.
YEstimated with Eyring equation.
€at 200 K.

that predicted a K, of 1.16 (Table Sl). Interestingly, the equi-
librium shifted toward the anti form at lower temperatures,
with K, decreasing to 0.72 at 200 K in the same solvent
(Figure 3c). This trend is presumably attributed to enhanced
solvation toward the more polar anti form at low tempera-
tures, consistent with the equilibrium condition in CD,Cl, at
298 K, which also slightly favors the anti form (K, = 0.88,
Figure S7).

The thermodynamic parameters AHg,, ASg,, and AGZ, associated
with anti-syn exchange were obtained with Van’t Hoff analysis

of the temperature-dependent K, values (Figure S8). The results,
summarized in Table 1, indicated that the anti form is slightly
favored enthalpically, whereas the entropic contributions favor
the syn form, which accounts for the observed temperature
dependence of K,,. These energetic features imply the absence
of stabilizing D-A interactions in syn-Z-1ra in the ground state.
This argument is also supported by the absorption spectrum of
Z-1ra, which does not exhibit charge-transfer (CT) absorption
bands (Figure S9a). This behavior could be attributed to the
structural offset between the D-A units in syn-Z-1ra, evident in
Figure 2b.
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TABLE 2 | Photochemical properties of 1ra.

T (K) 298 200
&y 0 0.06 —
D, 0 0.01 —
@I(E)P 79:21 73:27
R,° 112 1.33
K, =R, /K’ 1.00 1.85

2In n-hexane.
bUnder 365-nm PSS in toluene-ds.

2.3 | Light-Powered Ratcheting

The trial for light-powered ratcheting of C—C atropisomerism
was performed by irradiating 1ra in toluene-dg with 365 nm
LED flashlight, while monitoring the evolution in atropisomeric
composition by 'H NMR spectroscopy. Based on the free energy
barrier of 15.6 kcal/mol associated with syn-to-anti interconver-
sion (Table 1), the half-life (¢,,,) for thermal equilibration at
298 K was estimated as 0.02 s (Table S3). This suggests that
the off-equilibrium compositions generated by light irradiation
are too short-lived to be characterized at 298 K. Indeed, the
observed atropisomeric ratio (Ry, = [syn]/[anti]) was identical
to K, after 1 h irradiation at 298 K. To suppress thermal re-
equilibration, the experiment was repeated at 200 K, where
the estimated half-life of 1.1 h (Table S3) is sufficiently long
for characterization by NMR spectroscopy. Figure 4a shows the
schematic representation of the actual experimental setup (Figure
S10) for the low-temperature trials. The sample (1 mM) was
slowly cooled to 200 K in an acetone cooling bath. After 1 h
of irradiation at 200 K, the isomeric composition of the system
reached a photo-stationary state (PSS), after which no further
changes were observed upon prolonged irradiation. The sample
was then immediately transferred, maintained at 200 K in a
Dewar flask, to an NMR spectrometer pre-cooled to 200 K, where
spectra were recorded.

Figure 4b shows the '"H NMR spectra of E- and Z-1ra, along with
the 365 nm PSS at 200 K. At the PSS, a Z:E ratio of 73:27 with R,
= 1.33 was observed. Compared to the equilibrium condition at
200 K (K, = 0.72), the corresponding ratcheting constant (K;) can
be calculated as R,,/K,, = 1.85, reflecting significant enrichment
of the syn compared to the equilibrium state. This demonstrated
that the C—C atropisomeric equilibrium of Z-1ra could indeed
be perturbed by light irradiation, confirming the light-powered
ratcheting behavior of 1ra. Note that no photodegradation of 1ra
was observed in this experiment (Figure S12). The photochem-
ical properties of 1ra, including the ratcheting behaviors, are
summarized in Table 2, with the corresponding quantum yields
of isomerization (&;_, and @,_ ) at 298 K also provided for
reference.

Furthermore, thermal equilibration of the off-equilibrium state
was also characterized. As shown in Figure 4c, a sample irradiated
for 30 min and then left at 200 K in the dark for 2 h exhibited
a gradual decrease in Rg,, from 1.15 to 0.97. By monitoring the
relaxation of Ry, toward K, t,, of equilibration was determined to
be 2.4 h (Figure S13 and Table S4). This value is longer than that

(a) A
NMR 365 nm

tube ™\ LED flashlight

— \

1ra
in toluene-dg
(AmM) ~ 200 K

acetone bath

Pem N

syn anti

Z-1ra J\‘/\\Ei_mz

365 nm

1h J\

1 1 1 |l T 1 1 Ll
85 84 83 82 81 80 7.9 ppm

R, =1.33
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I
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FIGURE 4 | Evaluation of syn:anti ratio (Rs,) of Z-1ra in toluene-
dg at 200 K: (a) experimental setup for the light-powered ratcheting
experiments conducted at 200 K; (b) "H NMR spectra (400 MHz) of E-1ra,
Z-1ra, and their PSS at 365 nm; (c) evolution of Ry, in the dark, showing
thermal re-equilibration from the off-equilibrium state.

estimated by VT-NMR spectroscopy, although it remains in the
same order of magnitude. This deviation presumably arises from
the fact that the VT-NMR experiments were conducted at elevated
temperatures (298-338 K), and linear extrapolation of this trend
to 200 K may not be valid. Nevertheless, such a long lifetime
precluded the possibility for the observed signal enhancement
to arise from light-induced nuclear polarization (photo-CIDNP),
which typically relaxes within seconds [41].

2.4 | Mechanistic Studies

There are two possible origins for the light-powered ratch-
eting behavior in the enrichment of syn-Z-lra during E,Z-
photoisomerization: either E-1ra preferentially forms syn-Z-1ra
during E — Z isomerization, or anti-Z-1lra undergoes Z —
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FIGURE 5 | Evolution inrelative compositions of the three stereoiso-

mers during direct irradiation (4;;, = 365 nm) of (a) E-1ra and (b) Z-1ra
at 200 K in toluene-dg. Standard errors are estimated according to the
signal-to-noise ratio in the spectra (see Figures S14 and S15 for original
spectra).

E isomerization more rapidly than syn-Z-1ra, leading to its
preferential depletion. To clarify the origin, we have examined the
photochemical reactivities of the three stereoisomers of 1ra (i.e.,
E-1ra, syn-Z-1ra, and anti-Z-1ra) to probe the stereoselectivities
in both the photochemical E — Z and Z — E processes.

The E — Z process was first examined by monitoring the
compositional evolution of the three stereoisomers during short
irradiation periods at 200 K. As shown in Figure 5a, the anti-Z
and syn-Z isomers formed in nearly equal amounts within the
first 8 min of irradiation, and the Ry, values fluctuated around
unity. This implies that the E — Z photoisomerization of 1ra
exhibits little intrinsic stereoselectivity. Although the E — Z
process increases the Ry, value from the equilibrium value of
0.72 to approximately 1.00, this alone does not account for the
reversal in atropisomeric preference (R, > 1.00) observed under
prolonged irradiation. Evidently, the stereoselectivity that leads
to the accumulation of the syn-Z isomer 1ra under continuous
irradiation arises from a different photochemical step.

For the stereoselectivities in the Z — E process, the compositional
evolution during direct photoisomerization of Z-1ra was moni-
tored to evaluate the relative photochemical reactivities between

syn- and anti-Z-1ra (Figure 5b). In the early stages of the reaction
(first 9 min), the abundance of anti-Z-1ra decreased significantly
by 24%, whereas syn-Z-1ra only showed a minor decline of 8%.
Apparently, anti-Z-1ra was consumed much faster than syn-
Z-1ra, directly leading to an increase in Rg,. This observation
supported the hypothesis that the higher photochemical reactiv-
ity of anti-Z-1ra underlies the light-powered ratcheting behavior
of 1ra, resulting in the enrichment of the syn-Z conformer under
irradiation.

2.5 | Ultrafast Excited-State Dynamics of 1ra

Time-resolved spectroscopic methods have proven highly effec-
tive in elucidating the operating mechanisms of light-driven
molecular machines based on photo-isomerizable C=C bonds
[42-45]. A representative example was recently reported by Roy
and coworkers, who employed ultrafast spectroscopy to investi-
gate the excited-state dynamics of a Feringa-type overcrowded
alkene motor possessing push-pull substituents, to elucidate
its solvent-dependent photoisomerization behaviors originating
from its CT excited-state characters [44].

Here, we investigate the origin of the distinct photochemical
reactivities of anti- and syn-Z-1ra using femtosecond transient
absorption (fs-TA) spectroscopy to probe the excited-state dynam-
ics of 1ra. Figure 6a,d shows the fs-TA spectra of E- and Z-1ra
in n-hexane, following 300 nm excitation. A shorter excitation
wavelength was employed in this experiment because both E- and
Z-1ra absorb only weakly at wavelengths longer than 300 nm
(Figure S9a), thereby limiting the generation of detectable tran-
sient signals upon excitation with longer-wavelength pulses. Both
isomers exhibit similar spectral shapes and temporal evolution.
The spectra display two dominant excited-state absorption (ESA)
bands cantered at approximately 425 and 625 nm. The ESA
signal at ~625 nm decays substantially within the first picosecond
(ps). Beyond 1 ps, no further spectral evolution is observed,
and the entire ESA feature decays within the experimental
time window (1 ns), indicating depopulation of the excited
state.

The early-time ESA band at ~625 nm is attributed to the Franck-
Condon (FC) excited state, which undergoes sub-ps relaxation
to the S;-state minimum. This relaxed state is characterized by
an ESA peak at ~425 nm together with a broad ESA feature
spanning 500-700 nm. The ~425 nm ESA band coincides with
the reported absorption of the dimethoxybenzene radical cation
[46], while the broad 500-700 nm feature resembles the radical
anion signature of the stilbene-like backbone observed in related
systems [47]. These spectral signatures indicate pronounced
CT character in the S;-state minimum of both E- and Z-1ra.
This assignment is further supported by measurements on the
reference compounds E- and Z-1Bu, in which the electron-
withdrawing nitro groups are replaced by tert-butyl substituents.
In n-hexane, the fs-TA spectra of E- and Z-1Bu show only the
decay of the FC state, without formation of intermediate species
exhibiting CT character at ~425 nm (Figure S16). Consistent
with the CT nature of the excited state in 1ra, its excited-state
dynamics are also solvent dependent. In acetonitrile, the 425 nm
ESA band exhibits enhanced intensity and a shortened lifetime
(Figure S17).
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FIGURE 6 | Femtosecond transient absorption spectra of (a) E-1ra and (d) Z-1ra. Temporal profiles of the ESA signals at 625 and 425 nm for (b)
E-1ra and (e) Z-1ra. Black dashed lines indicate the best fits obtained from global fitting. The delay-time region beyond 5 ps is plotted on a logarithmic

scale. Corresponding decay-associated spectra (DAS) for (c) E-1ra and (f) Z-1ra derived from the global fitting analysis.

To quantitatively analyze the excited-state dynamics of 1ra, we
performed global fitting of the temporal profiles of the transient
signals using a sum of three exponential decay functions convo-
luted with the Gaussian instrumental response function (IRF).
The global fitting yields three characteristic time constants: 7, =
0.2 ps, 7, = 19.6 ps, and 7; = 463 ps for E-1ra; and 7; = 0.2 ps, 7, =
71 ps, and 7; = oo ps for Z-1ra, respectively. Representative fits to
the ESA signals at 625 and 425 nm are shown in Figure 6b,e.

The decay-associated spectra (DAS) obtained from the global
fitting (Figure 6c,f) provide further insight into the excited-state
dynamics. In the 7; component, both E- and Z-1ra show a decay
of the ESA signal above 500 nm accompanied by a rise below
450 nm. This spectral evolution is characteristic of relaxation from
the FC excited state of the stilbene-like backbone to the S,-state
minimum [48]. Such a characteristic feature suggests that the use
of a short excitation wavelength does not significantly distort the
excited-state dynamics of 1ra. The 7, and 7; components reflect
the spectral signature of the relaxed S, state and correspond to its
subsequent depopulation.

The time constants associated with S,-state decay can be cor-
related with the photoisomerization dynamics of E- and Z-1ra.
For E-1ra, the two S, decay components (7, and 7; components
in Figure 6c) have comparable amplitudes (approximately 3:2,
estimated from the relative intensities at ~425 nm), which can be
attributed to two competing E — Z isomerization pathways lead-
ing to the syn and anti atropisomers of Z-1ra. On the other hand,
because Z-1ra exists as a mixture of syn and anti atropisomers, the
observed spectral dynamics may reflect contributions from both
species, potentially giving rise to two distinct decay components.
Indeed, two S, decay components were observed for Z-1ra (7,
and 7; components in Figure 6f), although with a more uneven
amplitude ratio (~5:2), which can be assigned to contributions
from the two atropisomers.

Notably, both decay components are significantly slower than
the isomerization of typical cis-stilbenes, which occurs on sub-
ps timescales [49, 50], indicating the presence of a substantial
barrier for S;-state isomerization in Z-1ra. Moreover, one of the
two S, decay components of Z-1ra occurs on the nanosecond
timescale, implying an isomerization pathway that is markedly
slower than the other. Comparison with the NMR studies on
Z — E photoisomerization kinetics of 1ra, which indicate that
photoisomerization of syn-Z-1ra is much slower than that of
its anti-counterpart, suggests that the slow decay component
can be assigned to the isomerization of syn-Z-1ra, whereas the
~72 ps component originates from anti-Z-1ra. The relatively
small amplitude of the nanosecond component deviates from the
atropisomeric equilibrium ratio at 298 K (K, = 1.12 in toluene-dy),
implying a reduced branching ratio from the FC excited state to
the CT-character S, state for syn-Z-1ra.

2.6 | Theoretical Studies

The fs-TA results indicate that the photoisomerization pathways
of 1ra are kinetically biased, which likely governs the stereose-
lectivity of photoisomerization and underpins the light-powered
ratcheting function of 1ra. To gain further insight into this
behavior, we computed the S; PES of 1ra along the C=C torsion
coordinate (6) using TDDFT at the TD-wB97XD/6-31G*//TD-
BHHLYP/6-31G* level [51] to elucidate the energetics associated
with C=C isomerization in the excited state. Calculation of
this PES was performed on the Gaussian 16 [52] and Q-Chem
softwares [53], and the details are described in the Supporting
Information (Figures S18-S21). As shown in Figure 7a, both E
— Z and Z — E isomerization pathways encounter a transition
state (TS) on the S; PES, labeled, respectively, as TS;, and TS,,.
The “in” and “out” subscripts denote the dinitrostyryl unit being
inside and outside of the U-shaped cavity of the pentiptycene
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FIGURE 7 | (a)Calculated S; PES of 1ra along the C=C torsion () coordinate. The 0 torsion angle for each structure is labeled for reference. For

simplicity, the octyloxy groups were replaced with methoxy groups in the calculations. The time signatures associated with each process extrapolated

from fs-TA measurements are also provided. (b) Natural transition orbitals (NTOs) of the S; states of E-, anti-Z-, and syn-Z-1ra. Visualization of orbitals

was done with the VESTA software [55]. (c) Schematic illustration of the electrostatic stabilization in the S; state of syn-Z-1ra.

scaffold, respectively [34]. After crossing the TS, the molecule
reaches a conical intersection (CI) at approximately 6~90°, where
it relaxes back to the S, state to form either the E- or the Z-
isomer. For the E — Z isomerization, the “syn pathway”, in
which the D-A pair maintains a syn orientation, has a predicted
barrier of 4.50 kcal/mol, larger than that of the “anti pathway”
(3.29 kcal/mol). This result could be attributed to the steric
hindrance provided by the methoxy substituents. Accordingly,
the 19.6 and 463 ps time signatures observed for the S,-state decay
of E-1ra in fs-TA measurements can be assigned respectively to
the anti and syn pathways. In contrast, the calculated energy
barrier of Z — E isomerization was substantially larger for the syn
pathway than for the anti-counterpart (32.17 vs. 7.66 kcal/mol).
This result aligns with the experimentally observed trend in
photochemical reactivity for syn versus anti-Z-1ra, as well as
the fs-TA results where the syn component follows the slow ns-
scale decay. These conclusions support that the light-powered
ratcheting behavior of 1ra originates from the reduced reactivity
in Z,E-photoisomerization for syn-Z-1ra. Notably, calculations
of the corresponding T;-state PES indicated that the T;-state
minima generally locate near the 6-perpendicular geometries,
and that both E - Z and Z — E isomerization pathways on
this surface are essentially barrierless. This result is consistent
with the well-established photochemistry of stilbenoids [54], and
further suggests that the photoisomerization of 1ra is unlikely
to exhibit stereoselectivity when proceeding through the triplet
pathway, as there is effectively no energy barrier to provide kinetic
differentiation between the syn and anti isomerization pathways.

We further performed natural transition orbitals (NTO) analysis
on the S,-state structures of 1ra described above to investigate
their electronic characters. As depicted in Figure 7b, E-, anti-
Z-, and syn-Z-1ra all exhibit considerable CT character in the

S, states. Notably, the S, state of syn-Z-1ra is dominated by CT
across the D-A pairs, which are in close proximity (inter-centroid
distance = 3.971 A, Figure 7c). Such a spatial arrangement in the
syn-Z form also leads to pairing of opposite charges, as described
in Figure 7c. This provides electrostatic stabilization for syn-Z-
1Ira in the excited state, which accounts for its exceptionally high
energy barrier for photoisomerization. In other words, the light-
powered ratcheting behavior of 1ra is governed by electrostatic
interactions between D-A pairs in the excited state. Remarkably,
although such an interaction is absent in the ground state, its
influence on the atropisomeric equilibrium of Z-1ra persists after
relaxation back to the ground state.

2.7 | Ratcheting Mechanism and Efficiency

The results above establish 1ra as an atroposelective light-
powered (light-driven) molecular ratchet, where the system
absorbs photons and dissipates energy to directionally bias
molecular actions [56, 57]. From a mechanistic standpoint, light
irradiation not only supplies the energy required to drive the sys-
tem away from equilibrium but also transfers the stereochemical
information of the atropisomers to the photochromic stilbene
backbone. From a thermodynamic standpoint, the free energy
stored in the 365-nm PSS of 1ra is estimated to be 19.1 cal/mol
of Z-1ra at 200 K (see Supporting Information for details) [58]).
This value is approximately 40% of that reported for the rotaxane-
based light-powered information ratchet developed by Leigh and
coworkers (49.2 cal/mol at 298 K), which nevertheless exhib-
ited a comparable ratcheting efficiency [59]. This reduction in
stored energy arises primarily because the free-energy difference
between syn- and anti-Z-1ra (0.13 kcal/mol at 200 K) is only about
40% of that reported for Leigh’s system (0.37 kcal/mol at 298 K).
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Meanwhile, the excess energy supplied by light is dissipated as
heat, generating entropy and ensuring that the overall process
obeys the second law of thermodynamics. In this context, the
light-induced enrichment of syn-Z-1ra is consistent with the prin-
ciple of maximum entropy production (MEP), which predicts that
a nonequilibrium steady state sustained by continuous energy
input evolves toward the composition that maximizes the rate of
entropy production through energy dissipation [60] For 1ra, this
isachieved by increasing the population of syn-Z-1ra, because this
atropisomer predominantly relaxes in the excited state through
heat dissipation rather than productive C=C bond twisting.
However, heat dissipation may also lead to local photothermal
effects [61], which could facilitate C—C bond rotation and thereby
reduce the overall ratcheting efficiency. Such an effect likely
contributes to the modest experimental ratcheting efficiency,
despite the large syn/anti reactivity difference predicted by theory.
In addition, involvement of a triplet-state photoisomerization
pathway, which lacks stereoselectivity, may further diminish
the ratcheting performance. This effect is particularly relevant
for 1ra, as intersystem crossing is typically efficient in nitro-
substituted systems [54, 62]. Finally, limited light penetration in
bulk samples may further constrain the ratcheting performance.
This limitation could potentially be alleviated by NMR-coupled
in situ illumination methods, which provide higher irradiation
efficiencies and allow real-time spectroscopic monitoring under
continuous light exposure [63-65].

2.8 | Directionality of Light-Driven Rotation

The light-powered atroposelective ratcheting behavior of 1ra may
have implications for the design of autonomous LRMMs. For 1ra,
a photoinduced rotation of the styryl group relative to the pentip-
tycene scaffold, analogous to that proposed for Curcio’s LRMM
system [32], can be envisioned (Figure 8). Compared with Curcio’s
system, 1ra exhibits a substantially higher atroposelective ratch-
eting efficiency (+15% vs. £2% deviation from equilibrium) [32],
which we attribute to templated excited-state D-A interactions
that enhance photochemical selectivity. Furthermore, steric hin-
drance within the desymmetrized pentiptycene scaffold imparts
inherent structural chirality to 1ra, introducing a directional
bias to the styryl-group rotation associated with atropisomeric
interconversion. As illustrated in Figure 8a, when Z-1ra adopts
the 5R configuration (atomic numbering as in Figure 2c), the
anti and syn atropisomers preferentially undergo clockwise (CW)
and counter-clockwise (CCW) rotations, respectively. Conse-
quently, the net rotational preference is determined jointly by
the molecular chirality of the pentiptycene scaffold and the
atroposelectivity of the photochemical ratchet. Because 1ra is
syn-selective, the preferred overall rotational direction is CCW
(Figure 8b). The rotational directionality (D,,,) can be estimated
as the product of the photochemical ratcheting constant K, and
the directional bias of ground-state rotation (see Supporting
Information for details). DFT calculations indicate that approx-
imately 98.8% of the ground-state styryl-group rotation events
occur in the preferred direction (Table S2), while K. = 1.85
at 200 K under 365 nm irradiation. These values yield D,, =
1.83, corresponding to one net directional rotation every 3.4
photochemical cycles. This estimated directionality is substan-
tially greater than that predicted for Curcio’s system (D,,; =
1.08) [32], highlighting the importance of efficient atroposelective
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FIGURE 8 | (a) Opposite directional preferences for the ground-
state rotation of the styryl group in anti- and syn-Z-1ra, illustrated for
the 5R configuration of 1ra. (b) Proposed directional rotation of the
styryl group in 1ra driven by atroposelective photochemical ratcheting.
Octyloxy groups are omitted from all structures for clarity.

ratcheting in the development of high-performance autonomous
LRMMs.

Although the chirality of the pentiptycene scaffold is fixed, the
photochemically induced atroposelectivity in 1ra may provide
a useful handle for directional switching. By incorporating D-
A motifs that respond to orthogonal stimuli, such as acid/base
inputs, electric fields, or metal coordination, it may be possible to
switch the atroposelective ratchet between syn- and anti-selective
modes, thereby reversing the preferred rotational direction. Such
stimulus-responsive behavior could broaden the structural and
functional scope of light-driven molecular machines [66]. Nev-
ertheless, it should be emphasized that the directional rotation
proposed here has not yet been experimentally demonstrated
with the same level of rigor as that established for overcrowded-
alkene-based LRMMs reported in the literature [22-24]. The
present analysis therefore serves primarily to illustrate the
potential implications of efficient atroposelective ratcheting, and
further experimental studies will be required to substantiate
motor-like behavior in this system.

3 | Conclusion

We have demonstrated light-powered atroposelective ratchet-
ing through a stereoselective, reversible photochromic reac-
tion network, with a photochemical ratcheting constant of
1.85. Our results suggest that the ratcheting effect originates
from templated excited-state D-A interactions that provide
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photochemical differentiation between atropisomeric states.
Moreover, we propose that this system holds potential for the
design of light-driven autonomous LRMMs. These findings
highlight the ability of photochemical processes to differentiate
between rapid equilibrating conformers and demonstrate how
transient excited-state interactions can be harnessed to influence
ground-state behaviors. As the scope of nonequilibrium chem-
istry continues to grow [67-70], we anticipate that this work will
inspire new light-powered ratcheting systems with high levels of
complexity and functionality.
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